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AERONAUTICS

FREE-FLIGHTwumbmws ATMAcHmms FROM0.7TO1.6

OFSOMEEFFECTSOFAIRFOIL-THICKNESSDISTRIBUTIONAND

TRAILINGEDGEANGLEONAILERONROLLINGEFFECTIVENESS

ANDDRAGFORWINGSWITH0°AND45°SWEEPBACK

ByE.M.FieldsandH. KurtStrass

SUMMARY

Thewing-aileronrollingeffectivenessanddragforfull-s~n sealed
aileronsdeflected5°onuntaperedwingsw~th0°and45°sweepbackhave
beeninvestigatedovertheMachnwnberrangefrom0.7to 1.6bymeans
of rocket-propelledtestvehiclesinfreeflight.Thetestwingshadan
aspectratioof3.7andtheaileronswerehingedat 0.8chord.The
basic6-percent-thicksymmetricalcircular-arcairfoilwasmodifiedin
thicknessdistributiontoproducea rangeof trailing-edgeanglesfrom
0°toapproximately30°.

Inaddition,datafromprevioustestsof 3-percent-,6-percent-,
andg-percent-thickairfoilshavingthesameplanformsandaspectratio,
butwithvariousprofilesandtrailing-edgeangles,arepresentedand
correlatedwiththeresultsfrom.thepresentteststo showtheeffect
oftrailing-edgeangleonrollingeffectivenessat variousMachnumbers.

Forunsweptwingshavingairfoilprofileswithflat-sidedrearward
portions,theresultsshowthatincreasingthethiclmessof thetrailin~
edge(decreasingthetrailing-edgeangle)resultedin largedragincreases
withsmallrolling-effectivenesschanges.

Forunsweptwingswithprofileshavingcurvedrearwardportions,
increasingthethicknessnearthetrailingedge(increasingthetrailing-

7 edgeangle)generallyresultedinrolling-effectivenessdecreases.
Trailing-edgeanglesof70 or lessgaverelativelyhighrollingeffective-
nessthroughoutthespeedrangetested; whereastrailing-edgeangles

M between7°and30°gavecontrol-effectivenesslossesandsometimescontrol-
effectivenessreversalinthehighsubsonicspeedrange.



.
Forwingssweptbackh~”andhavingprofileswithcurvedrearward —

portions,increasingthethicknessnearthetrailingedge(increasing
—

thetrailing-edgeangle)resultedinrolling-effectivenessdecreases. e.
No controlreversaloccurredfortrailing-edgeanglesbetween3°and33°,
buttherollingeffectivenesswasnearzerointhetransonicregionfor
thelargertrailing-edgeangles. .—::. — ..

Thedraggenerallyincreasedwithincreasesinthicknessnearthe
trailingedge.

INTRODUCTION .—

Previousresearch(reference1)hasshownthatthelossofwing-
aileronrollingeffectivenessinthetransonicregionwhichmayoccur
forsomewingswithplaintrue-contouraileronscanbe largelyeltiinated
by increasingthethicknessoftheailerontrailingedge.Thepurpose
ofthepresentinvestigationwastoobtainadditionalinformationon
wing-aileronrollingeffectivenessanddragas affectedby varyingthe
thicknessdistributionovertherearwardportionoftheairfoil.A *
6-percent-thicksymmetricalcircular-arcairfoil,equippedwithsealed ““
full-spanailerons,wasmodifiedinthicknessdistributiontoproduqe
a rangeoftrailing-edgeanglesfrom0°to 30°. Most”_ofthesemQdifi-

*

cationsweretestedatboth0°and45°sweepback.

Thewing-aileronrolling-effectivenessresultsofthepresent --
investigationarecorrelatedwithresultsofpreviousinvestigations,
withanarbitrarilydefinedtrailing-edgeangleuseda~a basis,to show
theeffectoftrailing-edgeangleonwing-aileronrol~-ingeffectiveness.

Theflighttestsweremadeat theLangleyPilotlessAircraftResearch
StationatWallopsIsland,Va. Thetesttigtechniqueisdescribedin
reference2.

SYMBOLS~ —,,

A aspectratio,3;7, (b/c)
I b diameterofcirclesweptbywingtips,2.185.feet

c streamwisewingchord,0.59feet

CL wingliftcoefficient

.— —

r-
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totalexposedwingareaforthreewings,1.563squarefeet

test-vehicletotal-di?agcoefficient,basedon S

wing-dragincrementdueto increaseinthicknessofaileron
trailingedge,basedon S

free-streamMachnumber

free-streamMachnumberatwhichrapidrateof
aileronrollingeffectivenessbeginsasMach
fromsubsonicspeeds

lossofwing-
numberincreases

free-streamMachnumberatwhichthewing-aileronrolling
effectivenessmaybe a minimuminthetransonicregion

free-streamMachnumberforrecoveryofwing-aileronrolling
effectivenessgoingintolowsupersonicregionwhenwing
hasexperiencedeffectivenesslossintransonicregion

test-vehiclerollingvelocity,radianspersecond

wing-tiphelixangle,radians

Reynoldsnumberbasedonwingchordof0.59feet

flightpathvelocity,feetpersecond

averageincidenceforeachwingstreamwise,degrees

averagestreamwisedeflectionofeachaileronjdegrees

anglebetweenstraightlinesdrawnbetween0.97chordand
1.00chordonupperandlowersurfaces,definedas trailing.
edgeangle,degrees

thicknessat trailingedge

TESTVEHICLESAND

.

Thegeneralarrangementof typical

PR~EDURES

testvehiclesisshowninthe
d

photographspresentedas figurel-~ndinfigure2. Figure3 presents
detailsoftheunswept-andsweptback-wingplanformsandfull-span
sealedailerons.Figure4 showsthe6-percent-thicksymmetrical
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circular-arcprofileanditsmodificationsused
g8tiOn. Additionalinformationispresentedin

NACARM L51G27

.
inthepresentinvesti- .-
tableI.

.
Thefuselages,ordinatesforwhichmaybe foundinreference2,

weremadeofbalsaandmahoganyandwerefinishedfairandsmoothwith
lacquer.

A two-stagerocket-propulsionsystemresultedina maximumldach
numberofapproximately1.7at theendofthrustingpe-rlod.During10
to 12secondsof coastingflight,time-historiesoftherollingvelocity
andflight-pathvelocitywereobtained.Fromthesedataandatmospheric
dataobtainedfromradiosondes,theroUing-effectivenessparameterpb/2V
andtest-vehicletotal-dragcoefficient

c%
werecomputed.

ThevariationofReynoldsnumberwithMachnumber_isshownin
figure5. .- .

ACCURACYANDCORRECTIONS
.

Frommathematicalamalysisandpreviousexperience,themsxhnum
experimentaluncertaintiesarebelievedtobewithinthefollowinglimits: .

Subsonic ~ersonlc

M . . . . . . . . . . . . . . . . . . . . . *().()()5 *0.005
C% . . . . ..o . . . . . . . . . . ...o *o.(X)5 *0.005 .

pb/2V(figs.6and7) *0.005 ko.oo3
pb/.w(fi~.8,9,13,i4;~5;k; i8j: : : ●0.007 *0.004

Thelargerrolling-effectivenessuncertaintiesindicatedforfigures
otherthan6 and7 aretheresultofmultiplyingmeasuredrolling-
effectivenessvaluesby factorslargerthau1.0inthe-yrocessofcorrecting
torigid-wingvalues.

Exceptforfi~es 6 and7,therolling-effectivenessdatahave
beencorrectedto rigid-wingvaluesby utilizingthedataofreference3
forthedeterminationofwing-aileronrolling-effectivenesslossdueto
wing

and

flexibility.
—

Alltherolling-effectivenessdatahavebeencorrectedto &=oQ .
8a= 5.0° (seereferencej).

b
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RESULTSANDDISCUSSION~“PRESENTINVIISTIGATION

Figures6 and7 containwing-aileronrollingeffectivenessand
dragcoefficientsobtainedwith6-percent-thickwingshaving0°wing
incidenceandsealedfull-spanaileronsdeflected5° streamwise.The
basicsymmetricalcircular-arcairfoilwasmodifiedinthicknessdistri-
butionwiththemostextrememodificationconsistingofa wedgeforward
portionanda flat-platerearwardportion;theresultingtrailing-edge
anglesvariedfrom0°toapproximately30°. Mostof themodifications
weretestedatboth0°sweepback(models1,2, 4, 6, 16,17,18,25,26,
and29)and45°sweepback(models41,44,50,58,59,60,and61).

RollingEffectiveness

wingswith0° sweepback.-Containedinfigure8 aretherolling-
effectivenessdataof figure6 correctedto rigid-wingvalues.

—
Fig-

ure8(a)showsthatas thetrailing-edgeangleincreased,therolling
effectivenesspb/2V decreasedexceptinthetransonicandsupersonic
regionsforthelargestvalueof @ tested.Increasingthetrailing-
edgeanglegenerallydecreasedtheMachnumberMa atwhichtheaileron
beganlosingitsrollingeffectiveness.A minimumrollingeffectiveness
occurredinthetransonicregionforallexceptthesmallervalues
of @; theMachnmnberatwhichthisminimumoccurredMb decreased
withincreasing#. Chanes in

7
@ for M~l.3 didnothavean

appreciableeffecton pb 2V exceptforsmallvaluesof @.

Infigure8(b)a comparisonofwing-aileronrollingeffectiveness
isgivenfora flat-platetypeof”airfoilhavingwedgeandcircular-arc
forwardportions.Theeffectivenesswashighthroughoutthespeedrange
and,as indicatedby reference1,showsthatmoderatechangesinthick-
nessdistributionovertheforwardportionof theairfoildidnotappreci-
ablyaffecttherollingeffectiveness.

Wingswith45°tisweepback.-Figure9 summarizestherolling-
effectivenessdataof figure7,whichhavebeencorrectedto rigid-wing
values,andshowsthatincreasing@ decreasespb/2V throughoutthe
speedrangetestedexceptin thesupersonicregionforthelargestvalue
of @ tested.Increasing@ decreasedtheMachnmnberatwhicha
minimumtransoniceffectivenessoccuxredforthetwolargesttrailing-
edgeanglestested.Theseresults,whencomparedwiththoseof figure8
(unsweptwings),indicatethatchangesintrailing-edgeangleresultin
thesamegeneraltrendsofeffectivenesschangeforwingswith0°or
45°sweepback.
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Drag

Wingswith0° sweepbac’k.- Figure10sunnparizesth~dragdataof
figure6 forprofileshavingfinite.mdzerotrailing-edgethickness.
Figure10(a)showsthatlargedragincreases.resultwhenthetrailing-
edgethiclmessisincreasedfromzeroto themaximmthicknessofthe
wing. Thesubstitutionofa wedgeforwardpbrtionforlacircular-arc
forwardportion(models1 and2) increasedthedragat somespeedsand
decreaseditatothers,Figure10(b)showsthatingeneralthedrag
increasedwithincreasesintrailing-edgeanglefortheprofileshaving
zerotrailing-edgethiclmess.Thus,itcanbe seenthatthedrag
increasedwithincreasesinthicknessnearorat thetrailingedge.

Figure11showsthedragincreasesrestiltingwhenthethickness
ratioh/c ofthetrailingedgeisincreased.To obtainthevalues
shown,thedragcoefficientsofmodel6 weresubtractedfromthoseof
models1 and4. Shownforcomparisonarevaluescalculatedfromthe
base-pressuredataofreferencek.

Wingswith45°sweepback.-Figure12summarizesthedragdataof
figure7 forprofileshavingzerotrailing-edgethiclmess.Thelargest
andsmallesttrailing-edgeanglesresultedinthelargestandsmallest
dragvalues,respectively,buttheintermediate@ valuesdidnotshow
consistencywithinthegroup.Overall,thedragvariationsweresmallj
andgenerallyneartheltiitsofaccuracy.

CORRELATIONOFEFFECTSOFTRAILING-EIX3E

ANGLEONROLLINGEFFECTIVENESS -—

.Containedinfigures13and14aretherolling-effectivenessdata
fromfigures6 and7 (presentinvestigation)plusadditionaldatafrom
sourcesidentifiedintableI (previousinvestigations),all.corrected
to rigid-wingvalues.Allmodelshavetiesamedimensionsas shownin
figures2 and3, withtheonlyvariablesbeingtheairfoilstreamwise
thicknessdistributionsandratiosandtrailing-edgeangles.Whileit
isrealizedthatthetrailing-edgeangleisnottheonlyfactoraffecting
thewing-aileronrollingeffectiveness,thedata-presen-%edinthiscorre-“
lationsectionshowthatchangesintrailing-edgeanglegenerallyhad
strongeffectson changes.inwing-aileronrol~ingpower.

Rollingeffectiveness,unsweptwings.-Fjgure15Eontainspb/2V,
o“otainedfromfigure13,plottedagainsttrailing-edgeangle @ for
severalMachnumbers.Includedforcomparisonarevaluescalculatedfrom

—

—
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references5, 6,and7 (subsonic),and8 and9 (supersonic);theagree-
mentbetweenexperimentalandcalculatedvaluesisgenerallygood.For
M <0.88 thecorrelationof theexperimentaldataisrathergoodand
showsthatincreasing@ tendsto decreaserollingeffectiveness.For
0.88~M ~0.94 thecorrelationisgenerallypoorbutthedataseemto
indic~tethatincreasingthetrailing-edgeangleresultsina rolling-
effectivenessdecreaseandreversalwithsomepositiveeffectiveness
recoveryforthelargest@ tested.For o.*< M= 1.6,thecorre-
lationisagainrathergoodandshowsthattheeffectof increasingthe
trailing-edgeangleisgenerallyto decreaseph/.2vfor @ < 160;
furtherincreasing@ hasnegligibleeffecton rollingeffectiveness.
Thevaluesfromthefairedcurvesof figure15havebeenutilizedin
figure16where pb/2V isplottedagainstMachnumberforseveral
arbitrarytrailing-edgeanglesto showthetypesofrolling-effectiveness
curvesthatcanbe obtainedfromfigure15. Fromthesetwofiguresit
canbe seenthataileronshaving@ S70 willprovidehighpositive
rollingeffectivenessinthespeedrange 0.7~M ~1660 Aileronshaving
@>70 willencountervaryingsmountsof control-effectivenesslossin
thetransonicrange,withcompletereversalprobableat somespeedsfor
16°&$s26°.

In figure17isshowntheMachnunbersatwhichmajorchangesoccur
inthecurvesof rollingeffectivenessagainstMachnumberforunswept
wingshavingvarioustrailing-edgeangles;themethodof obtainingthe
testpints isshownintheupperpartof figure17. Thefairedlines
enclosea regionofundesirablecontrol-effectivenessloss,wherethe
trailing-edgeangle @ determinesthemaximumsubsonicandminimum
supersonicMachnumberatwhichrelativelyhighpositivecontrolis
retained.

Rollingeffectiveness,wingssweptback450.-Figure18 contains
pb/2V,obtainedfromfigure14,plottedagainsttrailing-edgeangle @
forseveralMachnumbers.Includedfor.comparisonarevaluescalculated
fromreferences6,7,and10. Itcanbe seenthattherollingeffective-
nesswaspositivethroughoutthespeedrangetestedfortrailing-edge
anglesbetween3°and33°. Therollingeffectiveness,highestforthe
lowesttrailing-edgeangle,decreasedwithincreasing@ andwasnear
zeroat M = 1.0 forthelargertrailing-edgeangles.For M >1.4,
variationsin @ hada.negligibleeffectontherollingeffectiveness.
Theeffectsof @ onrollingeffectivenessforthe45°swepthckwings
werenotas severeas fortheunsweptwings.

Thevaluesfromthefairedcurvesof figure18havebeenutilized
inconstructingthecurvesof figure19where pb/2V isplottedagainst
Machnumberforseveralarbitraryvaluesof @ to showthegeneraltypes
of curvesobtainablefromfigure18.
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GENERALCOMMENT

.
Themagnitudesoftherollingeffectivenesspb/2V showninthis

paperareintendedtoapplyspecificallytowing-bodycombinationssimilar
to thoseshowninfigures2 and3. Althoughtherollingmomentperunit
ailerondeflectionCz~ maychangewithwingangleofattack(reference11)
andthecontrol-effectivenessreversalmaysometimesbeeliminatedby
increasingtheailerondeflection(reference12),itisfeltthatthe
trendsestablishedintheFresentpaperwill,ingeneral,applyto other
configurationsandconditionswherethemajorvariableisthetrailing-
edgeangle.

CONCLUSIONS

Wing-aileronrollingeffectivenessand

—— —.

dragwereQbtainedoverthe
Machnuniberrangefrom0;7to 1.6for6-percent~thickwings.Inaddition,
rolling-effectivenessdatafromprevioustestswerecorrelatedto”show
theeffectsoftrailing-edgeangleonwing-aileronrollingeffectiveness

.

forthicknessratiosof3 percent,6 percent,and9 percent.Fromthese
datathefollowingconclusionsmaybe drawn: *

1.Fortheunsweptwtigs,thewing-aileronrollingeffectiveness
waspositiveandrelativelyhighforaileron--trailing-edgeanglesbetween
0°and~. Trailing-edgeanglesbetween7° and30°causedrolling-
effectivenesslossesinthetransonicandhighsubsonicregion,with
themagnitudeanddurationofthelossgenerallyincreasingwithincreasing
trailing-edgeangle;control
trailing-edgeanglesbetween

2.Forwingssweptback
foralltrailing-edgeangles
ness,highestforthelowest

—
reversalwasindicatedat somespeedsfor
160and26°. — .-

45°therollingeffectivenesswaspositive
between3°and33°. Therollingeffective-
trailing-edgeangles,decreasedwith

increas~gtrailing-edgeangleandwasn~arz~ro&ta Machnumberof 1.0
forthehighesttrailing-edgeangles.Theeffectsoftrailing-edgsangle
onrollingeffectivenessforthe45°sweptbackwingswerenotas severe
asfortheunsweptwings.

3. Increasesinthicknessneartheailerontrailingedgegenerally
increasedthedragforwingsbothunsweptandsweptback45°. For
unsweptwingshavingflatsurfacesover therearwardportionofthe

—
.--

-,
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.

airfoil,increasesinthethicknessoftheailerontrailingedgeresulted
inlargedragincreasesbutdidnot.materiallyaffecttherolling

. effectiveness.

lkngleyAeronauticalLaboratory
NationalAdvisoryCommitteeforAeronautics

LangleyField,Va. .

.

.
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TABLEI

SYMBOISUSEDINFIGH ,TRAILING-EWEANGLE~,AIRFOILPROFILE,

ANDSOURCEOFDATAFORALLMODEIS

6
;

9
10

11
12
13
14
Iq

16
17
18
19
20

21
22
23
24
25

26
27
28
29
30

symbol

D
c1

0
0
Q

:

@
(deg)

o
0
3.0
3.2
3.5

6.2
~.:

9:6
9.8

‘10.5
11.7
12.9
13.2
13.3

U*6
13.6
16.6
17.4
19.8

2Q.O
20.0
20.4
21.0
21.2

21.2
24.3
24.8
30.2
31.2

(a)UnsweptWlnga

Airfoil
proffle
(a)

bSpecial
%pecial
NACA65-006
bSpecial
NACA65Ao03

%pecial
NACA65AO06.:
NACA65Ao06

g-percent-thickDW
9-percent-thickDW

NACA65Ao09
NACA65Ao09

6-percent-thickCA
6-percent-thickCA

%lodified6-percent-thickCA

6-percent-thickCA
6-percent-thickCA

%lodified6-percent.thickCA
NACA16-d09
NACA16-009

$&percent-thickCA
9-percent.thickCA
9-percent-thickCA ,

NACA16-009
%odified6-percent-thickCA

%odifled6-percent-thickCA
NACAl&OO$)
N.ACA16-009

bModified’6-percent.-thickCA
%odified6-percent-thickCA

Sourceordata

Presentinvestigation
Prese~tinvestigation
Reference13
Pre6efitinvestigation
Reference3

Prese~tinvestigation
Unpublisheddata
Unpublisheddata
Unpublisheddata
Unpublisheddata

Unpublisheddata
Reference3
Unpublisheddata
Unpublisheddata
Unpublisheddata

Presentinvestigation
Preseiitinvestigation
Presentinvestigation
Reference12
Reference12

Unpublisheddata
Reference1.2
Reference12
Unpublisheddata
Prese-ntinvestigation

PresentInvestigation
Unpublisheddata
Unpublisheddata
Presentinvestigation
Unpublisheddata

abbreviationsused:
Symmetricaldoublewedge

~
DW-

- Symmetricalcirculararc
bSZ figure4.

.“

—

. .

.

.

.

-8

-. —
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TABEZI

SMOLS USEDINFIGURES,TRAILINGEEGEANGLE~,AIRFOILPROFIIE,

Model

31
32

;:
35

36
37
38

%

41
~

:

46
47

:;
50

51
32 .
53
54
55

56
57
58
59
60

22

symbol

ANDSOURCEOFDATAFORALLMODEIS- Concluded

@
(deg)

::;
4.5
8.2

10.2

10.2
10.4
11.3
11.7
11.9

1.2.3
12.7
12.7
1.2.9
12.9

13.0
13.5
15.3
16.4
17.2

17.3
17.4
17.5
19.7
20.2

20.3
20.6
21.9
22.0
30.1

30.2
33.3

(b)Wingssweptback45°

Airfoil
profile
(a)

aAbbreviation8used:

NA!2A65-006
NACA65-m9
NACA65-009
NAcA65A006

9-percen&thickDW

9-percent-thickDW
9-percent-thickDW

NACA65A009
NACA65A009
NACA65A009

6-percent-thickCA
NACA65Ao09

6-percent-thickCA
6-percent-thickCA

mcA 65Ao09

NACA65A009
%odified6-percent-thickCA
%odified6-percent-thickCA

9-percent-thickCA
%fodifled,6-percent-thickCA

9-percent-thfckCA
9-percent-thickCA

~odified6-percent-thickCA
WA 16-009

%odified6-percent-thickCA

NACA16-009
~odified6-percent-thickCA
Modified6-percent-thickCA
%odified6-percent~thickCA
%odiffed6-percent-thickCA

Modified6.percent-thickCA
%odified6-percent-thickCA

DW- Symmetricaldoublewedge
- Symmetricalcirculararc

~ figure4.

Sourceofdata

Reference13
Reference14
Reference14
Unpublisheddata
Reference12

Unpublisheddata
Reference12
Unpublisheddata
Unpublisheddata
Reference3

Presentinvestigation
Unpublisheddata
Unpublisheddata
Presentinvestigation
Unpublisheddata

Unpublisheddata
Unpublisheddata
Presentinvestigation
Reference12
Presentinvestigation

Reference12
Reference12
Presentinvestigation
Reference12
Unpublisheddata

Reference12
Unpublisheddata
Presentinvestigation
Presentinvestigation
Presentinvestigation

Presentinvestigation
Unpublisheddata
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Figurel.-PhotGgraphsof typicaltestve~cle~._

1
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